One of the most important biological reactions of nitric oxide (nitrogen monoxide, ⅐ NO) is its reaction with transition metals, of which iron is the major target. This is confirmed by the ubiquitous formation of EPR-detectable g ‫؍‬ 2.04 signals in cells, tissues, and animals upon exposure to both exogenous and endogenous ⅐ NO. The source of the iron for these dinitrosyliron complexes (DNIC), and its relationship to cellular iron homeostasis, is not clear. Evidence has shown that the chelatable iron pool (CIP) may be at least partially responsible for this iron, but quantitation and kinetic characterization have not been reported. In the murine cell line RAW 264.7, ⅐ NO reacts with the CIP similarly to the strong chelator salicylaldehyde isonicotinoyl hydrazone (SIH) in rapidly releasing iron from the iron-calcein complex. SIH pretreatment prevents DNIC formation from ⅐ NO, and SIH added during the ⅐ NO treatment "freezes" DNIC levels, showing that the complexes are formed from the CIP, and they are stable (resistant to SIH). DNIC formation requires free ⅐ NO, because addition of oxyhemoglobin prevents formation from either ⅐ NO donor or S-nitrosocysteine, the latter treatment resulting in 100-fold higher intracellular nitrosothiol levels. EPR measurement of the CIP using desferroxamine shows quantitative conversion of CIP into DNIC by ⅐ NO. In conclusion, the CIP is rapidly and quantitatively converted to paramagnetic large molecular mass DNIC from exposure to free ⅐ NO but not from cellular nitrosothiol. These results have important implications for the antioxidative actions of ⅐ NO and its effects on cellular iron homeostasis.
Nitric oxide (nitrogen monoxide, ⅐ NO) is a multifunctional small radical molecule responsible for a remarkable array of physiological and pathophysiological phenomena (1) . Although ⅐ NO gives rise to a complex array of reactive species (2) in the biological milieu, ⅐ NO itself reacts directly with only a small number of targets. These targets are either species with unpaired electrons or transition metals; the origin of this reactivity pattern lies in the ability of these targets to stabilize the unpaired electron on ⅐ NO. In the case of transition metals, this stabilization occurs because of the strong interaction of ⅐ NO orbitals and the metal d-orbitals (3) . Formation of metal-nitrosyls in biological systems can give rise to several paramagnetic species, which can be observed by EPR spectroscopy, and has been utilized to glean important information regarding the biological actions of ⅐ NO (4). In particular, exposure of cells or tissues to ⅐ NO (either exogenously administered or endogenously synthesized) results in the ubiquitous appearance of a "g ϭ 2.04" axial EPR signal, which has been assigned to iron in square planar coordination with two nitrosyl ligands (denoted "dinitrosyliron complexes" (DNIC) 3 (5) . The source of this iron, the nature of the other iron ligands, and the origin of their formation are not clear.
The intracellular labile or chelatable iron pool (CIP) is a small (0.2-3%) proportion of total cellular iron and has been called "iron in transit" because it apparently serves as a dynamic reservoir for the movement of iron between various compartments and metalloproteins. It plays a central role in cellular iron metabolism, and its ability to "sense" and respond to changing conditions that perturb iron metabolism would seem to dictate that it be relatively loosely chelated, which has been confirmed experimentally. In fact, the current definition of this pool is as a "methodologically defined" quantity, emphasizing the fact that the exact chemical composition of this pool is not known (6) . In addition to serving as a reservoir for iron distribution throughout the cell, the CIP is well known for its toxic effects resulting from its reaction with hydrogen peroxide (H 2 O 2 ), the Fenton reaction, which generates strong oxidants (7, 8) . Therefore, CIP concentration is tightly maintained at an optimal range, which provides cells with sufficient readily available iron to incorporate into ferroproteins, while minimizing its toxic effects. This task is precisely regulated by iron regulatory proteins (IRP1 and IRP2) by controlling the levels of several proteins responsible for iron storage, uptake, and export (6) .
Several previous studies have suggested that the CIP is a target for ⅐ NO complexation (9 -11) , but quantitative and kinetic characterization of this process, its relationship to the formation of EPR-visible DNIC complexes, and the functional relevance to the CIP and ⅐ NO reaction on cellular iron homeostasis are not clear. Here we describe studies of the direct reaction of nitric oxide and the CIP, the extent of this interaction, and the identity and stability of CIP-⅐ NO complexes. We find that nitric oxide rapidly and quantitatively reacts with the CIP to form stable, macromolecule-associated, EPR-visible DNIC. These results have important implications for the mechanisms of ⅐ NO action as an antioxidant and also in the modulation of intracellular iron homeostasis.
EXPERIMENTAL PROCEDURES
Chemicals-All chemicals were purchased from standard sources and were of the highest purity available. Salicylaldehyde isonicotinoyl hydrazone (SIH) was a generous gift from Dr. P. Ponka, Lady Davis Institute for Medical Research, Montreal, Quebec, Canada. Protein determination utilized BCA TM protein assay kit (Pierce).
Hemoglobin Preparation-Oxyhemoglobin was extracted from human blood, and aliquots were stored at Ϫ80°C. Blood (10 ml) was collected by venipuncture in 1.5% citrate and centrifuged (4°C, 2000 ϫ g, 15 min). Plasma was removed, and the pellet was washed twice in 5 volumes of PBS. Cells were lysed by a 2-fold dilution of cold distilled water containing 0.5 mM EDTA. Following 5 min on ice, 10 mM Tris, pH 7.3, and 5% NaCl (one-fifth volume) was added to precipitate the membranes. The lysate was centrifuged (4°C, 48,000 ϫ g, 30 min) to pellet cell debris and lysed membranes. The supernatant was eluted through a Sephadex G-25 column at 4°C equilibrated in 4 mM NaP i and 100 M diethylenetriaminepentaacetic acid, pH 7.4. Concentrated fractions were collected, pooled, aliquoted, quick-frozen in liquid nitrogen, and finally stored at Ϫ80°C. The oxyhemoglobin concentration was determined by visible spectroscopy as 2.1 mM.
S-Nitrosothiol Preparation-S-Nitrosocysteine (CysNO) was made fresh by reacting 150 mM cysteine with 150 mM NaNO 2 in 100 mM HCl for 15 min of incubation in the dark at room temperature (12) . S-Nitrosocysteine concentration was determined by absorption spectroscopy in PBS/dtpa using the published extinction coefficient (⑀ 335 ϭ 922 M Ϫ1 cm Ϫ1 ) (13) . Glutathione and Metallothionein DNIC Preparation-Glutathione (14) and metallothionein (15) DNIC were prepared as described with minor modifications. 200 M proli/NO was added to 60 M ferrous sulfate and 20 mM reduced glutathione or to 165 M metallothionein in deoxygenated solution (pH 7.4, 50 mM phosphate). The reaction proceeded for 5 min, and then argon was blown for 5 min to remove excess ⅐ NO. Thereafter, the solution was anaerobically transferred to EPR tubes, frozen in liquid nitrogen, and kept at Ϫ80°C.
Cell Culture and Treatment-RAW 264.7 cells (ATCC) were cultured in Dulbecco's modified Eagle's medium supplemented with 100 units ml Ϫ1 penicillin, 100 g ml Ϫ1 streptomycin, and 10% fetal bovine serum and incubated at 37°C. For each experiment, cells were split and seeded onto 150-mm cell culture dishes and grown overnight to reach 85-90% confluence. The medium was double washed with the working buffer (WB) (PBS plus 100 M dtpa), and either the NONOate (papa/NO) or S-nitrosocysteine (CysNO) was added to a final concentration of 250 M and incubated for 15 or 60 min at 37°C. The same treatment was done in the presence of specific compounds SIH (100 -300 M) and oxyhemoglobin (500 M). Thereafter, cells were harvested, spun down (1000 rpm for 5 min), and resuspended in 0.3 ml of WB. At this point 20 l was saved for protein assay. The cell suspension was then transferred to an EPR tube and immediately frozen with liquid nitrogen until analysis. When total S-nitrosothiol determination was to be performed, cells were treated and harvested identically as above but then resuspended in 0.5 ml of lysis/block buffer (50 mM phosphate, 100 M dtpa, 50 mM N-ethylmaleimide, pH 7.4), of which half was immediately transferred to EPR tubes and frozen in liquid nitrogen, and half was diluted with 0.75 ml lysis/ block buffer and processed for S-nitrosothiol assay as described previously (16) . The procedure for the EPR experiments involving DFO for the treatment with papa/NO (250 -500 M) and DFO (2 mM) was essentially the same, except that cells were in suspension of 0.5 ml of WB. After treatment, cells were spun down at 4°C at 1000 rpm, resuspended in 0.3 ml of WB, and processed for EPR analysis as described above. The cell viability was found to be Ն90% after the treatments.
Total Iron Determination-Total iron was determined by the ferrozine-based colorimetric assay (17) .
EPR Determination of DNIC and Total CIP Concentration-DNIC concentration was determined by EPR at g ϭ 2.04 using a Bruker Elexsys E500 and comparing the double integral signal intensity with known concentrations of nitrosylhemoglobin solutions as standards. The CIP concentration was determined by double integration of the g ϭ 4.3 signal by comparison with known concentrations of a separately prepared Fe-DFO complex (18) . Typically, the protein content was within the range of 25-30 mg of protein/ml. EPR settings were as follows: 150 K, microwave power 1 milliwatt (DNIC) or 10 milliwatts (CIP); modulation amplitude 10 G; time constant ϭ 40 ms; conversion time 164 ms; four scans accumulated. For the room temperature EPR measurement, cells were treated with papa/NO (500 M, 1 h) as described above; final protein concentration was 60 mg/ml. Instrument settings were as follows: 30 milliwatts power; 5 G modulation; amplitude time constant of 41 ms; conversion time of 82 ms; four scans accumulated.
Fluorescence Experiments and Nitric Oxide Effects on Calcein Fluorescence-The fluorescence experiments were carried out with the acetomethoxy derivative of calcein probe (CalG-AM) as described (19, 20) . A suspension of RAW 264.7 cells in PBS/ dtpa was loaded with 0.5 M calcein for 30 min at 37°C with constant stirring. Thereafter, cells were spun down (1000 rpm) for 5 min at 4°C, double washed by spinning and resuspension cycles with fresh ice-cold PBS/dtpa, and kept on ice. Just before analysis, cells were again spun down, resuspended in 0.5 ml of WB, and counted after staining with trypan blue. This procedure minimizes the extracellular calcein present due to leakage. Then a suspension of 5 ϫ 10 6 cells per ml (total 2.0 ml) (Ͼ90% viability) in prewarmed PBS/dtpa (37°C) was immediately placed in the fluorimeter. After a base line was established, the metal chelator SIH or the ⅐ NO donor proli/NO (stoichiometry of ⅐ NO release calibrated with oxyhemoglobin) was added and the fluorescence followed in intervals of 30 s for at least 5 min.
Determination of Total Intracellular RSNO Concentration by Chemiluminescence-Triiodide-dependent ozone basis chemiluminescence was used to measure total intracellular S-nitrosothiol concentration as described previously (21) .
RESULTS

Nitric Oxide Reacts Rapidly with the Chelatable Iron Pool to Form Stable Complex(es)-
To test the hypothesis that ⅐ NO reacts with the chelatable iron pool, we utilized the fluorescent probe calcein (CA), which assesses the CIP in cell systems. Intracellular CA fluorescence is quenched upon iron binding to its EDTA-like structure in 1:1 stoichiometry, and the fluorescence signal is regained when strong metal chelators are subsequently added (19, 22) . This is illustrated in Fig. 1 by the filled symbols where the strong chelator SIH is added to CA-pretreated RAW 264.7 cells, denoted by the arrow (SIH ϭ 1 or 50 M). The magnitude of the fluorescence recovery is proportional to intracellular CA-bound iron and thus allows quantitative measurements of CIP. As shown in Fig. 1 by the 2nd arrow, addition of proli/NO, a compound that releases ⅐ NO with a half-life of 2 s at pH 7.4 and 37°C, also rapidly restores CA fluorescence (open symbols, theoretical ⅐ NO concentration 1, 10, and 56 M). 4 Therefore, ⅐ NO mimics the effect of the strong iron chelator SIH, suggesting that ⅐ NO outcompetes CA for binding to iron. In addition, it is sustainable for at least 5 min. Complete recovery of fluorescence by ⅐ NO (compared with 50 M SIH) requires at least 10 M ⅐ NO, but the effect can clearly be seen at 1 M. 4 At this physiological concentration of ⅐ NO, the magnitude of fluorescence increase corresponds to ϳ50% that observed at 10 M and was comparable with that obtained with 1 M SIH. Importantly, the time for completion of iron release from the Fe-CA complex is rapid for both SIH (within 1 min) and ⅐ NO (within 2 min). The 2-min time course for the ⅐ NO effect probably reflects the special conditions required for displacement of calcein from the iron by ⅐ NO (see "Discussion"). Because proli/NO liberates ⅐ NO with a half-life of 2 s, to our knowledge this is the first real time measurement of the time course for the binding of ⅐ NO to intracellular non-heme iron and reveals its rapid nature. This finding not only confirms that ⅐ NO reacts with the CIP but indicates that it does so rapidly and also that CIP-⅐ NO complexes seem to be stable, whatever their identity.
Among cellular non-heme nitrosyl complexes, DNIC are readily detected in cells exposed to ⅐ NO (4, 23, 24) because of its characteristic EPR signal, usually referred to as the g ϭ 2.04 signal. A few studies have presented data consistent with the involvement of the chelatable iron pool in the formation of DNIC in cells and tissues (9 -11) . These reports suggest that DNIC might represent a significant part of the ⅐ NO complexes with CIP as detected by the CA method (Fig. 1) . It must be kept in mind, however, that not all non-heme iron-NO complexes will be EPR-visible (25) , and there are no data on the relative amounts of paramagnetic compared with diamagnetic nonheme iron-nitrosyl complexes in cells. The calibration of the double integral of the g ϭ 2.04 EPR signal with those of known concentrations of nitrosyl hemoglobin allowed quantification of paramagnetic DNIC. Fig. 2A shows that addition of 100 -300 M SIH prevents formation of DNIC from subsequent ⅐ NO addition (papa/NO) by ϳ80%. Whether this result is because SIH disrupts DNIC (a possibility not supported by the results in Fig. 1 ) or prevents DNIC formation is addressed in the experimental results in Fig. 2B . In this experiment, control cells were treated with ⅐ NO donor for 60 min as usual (Fig. 2B, 1st bar) . For the data shown in Fig. 2B, 2nd bar, cells were treated identically except SIH was added partway through the 60-min incubation (at 15 min). For the 3rd bar in Fig. 2B , cells were treated for 15 min. The inset in Fig. 2B diagrams these treatments. The fact that the intermediate amount of DNIC is the same for the 2nd and 3rd bars in Fig. 2B shows that SIH essentially "freezes" the system (as shown in Fig. 1 , SIH gains access to the cytosol and complexes the CIP within 1 min). Thus, SIH chelates the CIP and prevents nitric oxide binding to it and does not cause degradation of pre-formed DNIC. These data indicate that in RAW cells the CIP (SIH chelatable iron) is the primary iron source of cellular DNIC rather than prosthetic iron cofactors present in iron-sulfur cluster proteins, consistent with previous reports (9 -11) .
Cellular Dinitrosyliron Complex Formation Requires Free ⅐ NO and the Chelatable Iron Pool- Fig. 3A shows that DNIC formation in RAW 264.7 cells in tissue culture dishes treated with either ⅐ NO donor (papa/NO) or CysNO is completely prevented by extracellular oxyhemoglobin, demonstrating that free ⅐ NO is required for DNIC formation with both donors. Fig.  3B shows that, as reported previously by Zhang and Hogg (16) , treatment of cells with CysNO results in massive increases in cellular S-nitrosothiol content compared with "pure" ⅐ NO donor, in this case papa/NO. This result, coupled with the oxyhemoglobin result (Fig. 3A) , shows that although CysNO can enter the cell and transfer the nitroso group to intracellular thiols, there is little if any trans-nitrosation from S-nitrosothiol to iron. In addition, we find that no DNICs are detectable when cells are treated with very high (10 mM) concentrations of nitrite (data not shown), thus ruling out this species as a major source of the nitrosyl ligands.
Cellular Paramagnetic Dinitrosyliron Complexes Compose the Majority of CIP-NO Complexes-
We next determined what portion of the CIP forms paramagnetic DNIC upon ⅐ NO exposure. First we used the metal chelator DFO, which complexes the CIP and forms an EPR-visible signal at g ϭ 4.3, indicative of a strong crystal field of tetragonal symmetry. The intensity of the EPR signal can thus be used to quantitate this pool of iron in the same sample along with the DNIC, as applied previously (10) .
For the exposure to ⅐ NO, it was important to maximize DNIC formation to compare the DNIC levels to the CIP levels and test the extent of conversion. When a suspension of cells is treated with DFO (2 mM), the otherwise absent g ϭ 4.3 signal from Fe 3ϩ complexation is detected by EPR (Fig. 4A, black tracing) . Double integration comparison with known concentrations of standard Fe-DFO complexes yields a value of 190 Ϯ 55 pmol/mg of protein under these conditions (Fig. 4B) . Thus, instead of exposure of cells in culture plates (as in Figs. 2 and 3 ), cells were exposed in suspension (thus minimizing the surface area of ⅐ NO mass transfer), and ⅐ NO donor was added twice, a 1-h pretreatment and then another dose plus or minus DFO. Exposure of cells to 250 M papa/NO (1 h) and subsequent treatment with DFO (2 mM, 1 h) plus papa/NO greatly attenuated the g ϭ 4.3 signal (Fig. 4A, red tracing) and is accompanied by the simultaneous appearance of an intense g ϭ 2.04 signal (not shown). Fig. 4B shows the results of quantitation of these two species. In cells pretreated with ⅐ NO and then with DFO ϩ ⅐ NO, the sum of the concentration from the remaining g ϭ 4.3 signal plus the concentration from the DNIC is not statistically different from the concentration of the g ϭ 4.3 signal in cells treated only with DFO. This is true for both 250 and 500 M papa/NO. 5 This shows the following: 1) ⅐ NO quantitatively reacts and forms DNIC with the same iron pool that complexes with DFO; 2) most of this pool reacts with ⅐ NO to form DNIC; and 3) most of the DNIC complexes are paramagnetic. It is relevant to point out that the CIP or DNIC formed under these conditions represents ϳ5% of total cellular iron, which amounted to 2.9 Ϯ 0.2 nmol/mg of protein (results not shown). This value is similar to a previous determination of the CIP using calcein (6) .
Cellular Dinitrosyliron Complexes Possess High Molecular Mass-As temperature is increased, the EPR signal of some species changes from anisotropic to isotropic because of the increased molecular rotation. This transition is a function of the size of the species; larger species exhibit less isotropic transition because increased rotation is still slower than the effective EPR observational "sampling" time. Using this approach Watts et al. (11) have recently shown that the DNIC in ⅐ NOexposed mammary carcinoma cells is large molecular mass, and it was important to verify this result here under conditions where we know all the CIP has been quantitatively converted to DNICs. Fig. 4C shows the room temperature EPR spectrum of RAW 264.7 cells treated with ⅐ NO donor papa/NO, showing an axial spectrum essentially identical to that obtained at low temperature at 150 and 265 K. The fact that the EPR spectra at 150 and 265 K are indistinguishable reveals that cellular DNIC possesses high molecular mass (27) . This result shows that even though the complexes are formed from the CIP (and not, for example, from prosthetic groups on proteins) they are still large in mass. DNIC may be protein-associated, lipid-associated, or even DNA-associated. Furthermore, the DNIC from CysNO treated cells is also large mass (data not shown).
DISCUSSION
We report here results that provide insight into the cellular origin of the iron and nitrosyls in DNIC. Previous studies have suggested the CIP as a potential source of DNIC complex (9 -11, 28) ; however, quantitation of these species and their kinetic relationship has not been reported. Using real time monitoring of liberation of intracellular iron from the fluorescent chelator calcein, we demonstrate complete and rapid (within 2 min with 10 M ⅐ NO) binding of ⅐ NO to the CIP in the murine macrophage cell RAW 264.7 (Fig. 1 ). This appears to be the first estimation of the time course of ⅐ NO binding to the CIP within cells. In addition, the CIP chelator SIH largely prevents DNIC formation from subsequently added ⅐ NO (Fig. 2A) , and once formed, DNICs are relatively stable because SIH addition during the process of DNIC formation halts further formation but does not result in their decline (Fig. 2B) . This is not surprising because protein-associated DNIC are known to be remarkably stable. For example, Ricci and co-workers (29, 30) recently reported that glutathione S-transferase DNIC has a half-life of ϳ4.5 h. Finally, we show that DNIC formation requires free ⅐ NO (Fig. 3A) . Intracellular nitrosothiols and nitrite are not direct donors of nitrosyl to iron for DNICs, whereas DNICs can be formed from free ⅐ NO generated from nitrosothiols (Fig. 3B) . It is important to note, however, that these experiments were conducted under normoxic conditions; under hypoxia or anoxia it is conceivable that free ⅐ NO could be produced from nitrite which could give rise to DNIC signals (31) .
We also have quantitated the intracellular levels of these species. Kozlov et al. (10) demonstrated in liver extracts that DFO pretreatment (which generates a distinctive EPR signal from the resulting complex) prevents DNIC formation and vice versa, thus suggesting that the iron in these species arises from the same pool. The physiological relevance of this result, however, is unclear because the " ⅐ NO" was supplied by 0.87 M nitrite from an apparently unbuffered stock solution. We have applied this general principle to our system and found 190 Ϯ 55 pmol/mg detectable iron-DFO complexes. Addition of ⅐ NO before DFO almost completely prevents formation of the iron-DFO signal (7 Ϯ 5 pmol/mg), and the sum of both species under these conditions (DNIC ϩ iron-DFO, 143 Ϯ 24 pmol/mg) is not statistically different from the DFO treatment alone, i.e. CIP is likely to be the limiting reagent for DNIC formation in RAW 264.7 cells. DNIC concentration never exceeds CIP concentration and approaches the CIP limit. These results show that ⅐ NO and DFO compete for the same iron pool and that CIP is quantitatively converted to DNIC upon ⅐ NO addition. This result also reveals that the resultant iron-nitrosyl complexes are virtually all paramagnetic species (as opposed to the multiple possible diamagnetic species) (32) . In addition, the primary iron source for cellular DNIC is the CIP and not prosthetic iron such as iron-sulfur clusters, because the CIP is by definition a "loosely bound" iron (6) . The various forms and pools of intracellular iron and their relationships are illustrated in Fig. 5 .
The high molecular mass of cellular DNIC (Fig. 4C ) and its association with CIP suggest that a significant part of the CIP itself is bound to macromolecules. ⅐ NO binding enhances the strength of the bonds between iron and macromolecules because the CIP is no longer chelatable after ⅐ NO treatment. In fact, strengthening of the metal-ligand bond(s) by the nitrosyl group is a principle of coordination chemistry. For example, the substitution of NH 3 
2ϩ by nitrosyl strengthens the Ru-OH 2 bond, and accordingly decreases the lability of the coordinated water dramatically (33) . This nitrosyl effect is expected when ⅐ NO possesses partial nitrosonium FIGURE 4. Quantitative relationship between DNIC and CIP, and DNIC stability and size. A, suspension of RAW 264.7 macrophage cells in 0.5 ml of PBS/dtpa (100 M) was either treated with 2 mM DFO for 1 h at 37°C (black spectra) or treated with 500 M papa/NO for 1 h and subsequently with 2 mM DFO in the presence of an additional dose of 500 M papa/NO for an additional hour (red spectra). Control (without ⅐ NO or DFO) showed no distinguishable g ϭ 4.3 signal. B, suspension of RAW 264.7 macrophage cells in 0.5 ml of PBS/dtpa (100 M) was incubated with 2 mM DFO for 1 h at 37°C (1st bar), or was previously treated with Papa/NO (indicated concentration) for 1 h at 37°C (2nd and 3rd bars), and reincubated with 2 mM DFO in presence of an additional dose of ⅐ NO donor for an additional hour at 37°C. CIP-DFO complex was quantitated by EPR by double integration of the 4.3 signal and using Fe-DFO complex as standard as described under "Experimental Procedures." DNIC was quantitated as described before in Fig. 2 legend and character (as in DNIC) and when the trans-positioned ligand contains electron full np (n ϭ 2,3) nonbonding orbitals such as oxygen and sulfur, which are abundant groups in macromolecules. Whether this phenomenon is in fact operative in macromolecule-associated DNIC is unknown. Attempts to disrupt the Fe-CA complex with ⅐ NO in vitro in the presence or absence of millimolar concentrations of GSH were unsuccessful (data not shown). This suggests that the non-⅐ NO ligands in the DNIC are not GSH, which is consistent with the EPR results showing that the DNIC are macromolecular (Fig. 5) . It is quite likely that the ability of ⅐ NO to convert the Fe-CA complex into DNIC is critically dependent on the presence and identity(ies) of the non-⅐ NO ligands required for DNIC formation. It may be difficult to recapitulate the intracellular environment in vitro because of the very high protein concentration, 0.2-0.3 g/ml (34) . Another possible explanation is that in cells ⅐ NO reacts with the CIP chelated to its "normal" ligand(s), and the effects on the Fe-CA complex could be explained by a mass action effect on the Fe-CA equilibrium.
Along these lines, Ricci and co-workers (35) have reported previously that GST forms a high affinity and stable complex with dinitrosyliron glutathione, involving substitution of one glutathione thiol by a catalytic tyrosine to the ligation of the iron. The relevance of this result to DNIC formation with ⅐ NOtreated cells is not clear however, because studies with intact rat hepatocytes not overexpressing GST (36) were performed with the addition of relatively high concentrations of exogenous GSNO and required longer treatment times (1-2 h) to observe appreciable complex formation. Exposure to glutathione may result in an unphysiological enhancement of the dinitrosyliron glutathione complex, and also these effects do not reflect the rapid formation of DNIC upon exposure to ⅐ NO (as we utilized) and thus may be a result instead of the effect of chronic ⅐ NO exposure on mechanisms of iron homeostasis (as discussed below).
There are multiple implications of these results for the biology of ⅐ NO. One of the earliest applications of EPR spectroscopy to biological systems was in the setting of cancer, where paramagnetic signals were observed in tumors and tumorous tissue (37) . Most of these isotropic signals were essentially identical to the signal from the "free" electron, giving rise to the term "free radicals" in biology (38) . Other species, however, including axial signals with a principal spectral excursion at g ϭ 2.04, were observed, many of which also exhibited a triplet hyperfine structure indicative of localization to a nitrogen nucleus (39) . Commoner and co-workers (40) in particular provided a link between these signals and those previously exhibited by inorganic dinitrosyliron complexes. Although much interest was aroused in the observation of this signal in the origin and diagnosis of cancer in the 1960s and 1970s, the lack of evidence for production of inorganic nitrogen oxides in mammalian systems prevented further consideration of the biological importance of these species. In the 1980s the demonstration of the mammalian synthesis of inorganic nitrogen oxides (41) (42) (43) , their importance in antitumor cytotoxicity by activated macrophages (44) , and their detection by EPR in this setting (23, 24) reignited interest. The detection of these distinctive EPR signals has now been associated with the endogenous formation of the pluripotent biological signal/messenger ⅐ NO in a multitude of pathological settings (45) , including diabetes (46), organ transplant rejection (47) , and sepsis (48) . Because of the similarity of these signals resulting from endogenous ⅐ NO synthesis to small inorganic dinitrosyl complexes, coupled with the potent disruption of mitochondrial electron transfer by ⅐ NO and the concomitant appearance of DNIC EPR signals (49) , it was first thought that cellular DNIC were derived from mitochondrial iron-sulfur clusters (23, 24) . However, evidence appeared suggesting that DNIC are not due to mitochondrial iron-sulfur complexes (9, 50) . In addition, it has been demonstrated that DNIC are relatively promiscuous regarding the two ligands other than the nitrosyls; in fact, indistinguishable EPR signals are obtained whether the additional ligands are halogens, nitrogen, oxygen, or sulfur groups (51) (52) (53) (54) . The results here suggest that the iron observed in cells and tissues exposed to exogenous and endogenous ⅐ NO is derived from the CIP.
Formation of the ⅐ NO-CIP complex upon exposure of cells and tissues to ⅐ NO may have profound consequences for cellular phenomena where the CIP is important. In particular, the CIP is known to participate in the Fenton reaction and thus to produce reactive oxygen species capable of oxidizing vital macromolecules (8) . ⅐ NO is known to have antioxidant activities and at least some of these actions have been proposed to be due to its ability to bind "Fenton-reactive" iron (55) . We show here that ⅐ NO quantitatively converts this pool of reactive iron into DNIC, thus saturating the metal coordination sphere and undoubtedly preventing its ability to reduce H 2 O 2 (the Fenton reaction) (56) . Another consequence of the quantitative conversion of CIP into DNIC is the removal of the CIP. This results in a condition that is essentially identical to cellular iron starvation, thus prompting the activation of cellular iron homeostatic control, as has been suggested previously (57) . This iron homeostatic mechanism is accomplished largely through the actions of iron-regulatory proteins (IRP1 and IRP2) and their post-transcriptional effects upon iron-responsive elements in mRNAs of proteins involved in iron uptake, storage, and utilization (58) . Iron depletion (using chelators) has been shown to be a potent method to accomplish the activation of these proteins independent of ⅐ NO (7) . The alternative mechanism is that ⅐ NO directly reacts with and causes disassembly of the ironsulfur cluster of IRP1 (cytosolic aconitase), but this direct hypothesis has been challenged (59) . In vitro studies have demonstrated that inhibition of IRP1 aconitase activity requires high concentrations of nitric oxide (60) , and others have seen no effect of ⅐ NO (61, 62) . Finally, IRP2 lacks an iron-sulfur cluster and therefore cannot be similarly activated, and it has recently emerged as the major iron regulatory orchestrating protein under physiological oxygen concentrations (63, 64) . Another very consistent finding is that ⅐ NO causes massive iron loss in chronic conditions (44) , which may also contribute to the state of cellular iron starvation. In agreement, Watts et al. (11) recently found that exposure of cells to ⅐ NO promotes active transport of iron and glutathione to the extracellular space through MRP1 (multidrug resistance-associated protein), presumably as a small diglutathione dinitrosyliron complex. Watts et al. (11) also demonstrated that cellular DNIC are virtually all macromolecule-associated, but they suggest that there is equilibrium between big and small DNIC. The latter would be actively exported to the extracellular space explaining the well known ⅐ NO-induced loss of intracellular iron (65) .
Finally, considering that the intracellular CIP concentration has been estimated as being as high as 10 M (6, 18), and "basal" ⅐ NO concentration appears to range from low nanomolar to low micromolar, the effects of ⅐ NO described here are more likely to be manifested in cells chronically exposed to ⅐ NO, particularly under inflammatory conditions. Prolonged exposure to high levels of ⅐ NO is probably a situation faced in vivo during an acute or chronic inflammation, thus an important phenomenon for both host immune defense and also for host damage. In this regard, a major mechanism of host defense against pathogen invasion and proliferation is iron sequestration, because iron availability is quite probably the limiting nutrient for pathogens in vivo (66) .
